Introduction
Endocrine manipulation is the most important systemic treatment option, regardless of disease stage, for patients with hormone receptor-positive breast cancer (1) . Anti-hormonal medication for advanced disease in general is given continuously until the patient experiences disease progression. A substantial number of patients will experience progression although their cancer cells continue to express the estrogen receptor (ER) and/or the progesterone receptor (PR). Other patients, while initially obtaining a clinical benefit from a particular type of endocrine treatment, will unfortunately experience further cancer growth or tumour progression. Mechanisms of primary or acquired endocrine resistance are manifold: overexpression and activation of other growth factor pathways (enhanced EGFR/HER2 and subsequent downstream MAPK and PI3K/AKT activation), and other mechanisms (2) (3) (4) . Estrogen receptor mutations are only rarely observed, suggesting that even in patients with progressive disease the estrogen-ER interaction remains potentially intact (5) .
Different strategies are currently being investigated in order to re-establish the clinical endocrine responsiveness of breast cancer (6) . Bi-directional inhibitory interactions of ER and nuclear factor κB (NF-κB) have been documented by some authors in preclinical breast cancer models, resulting in hormone-resistance and enhanced tumour growth (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . These interactions suggest that the lack of efficacy of an agent inhibiting the ER pathway in a subset of patients may be the result of an activated NF-κB signalling pathway. The proteasome inhibitor bortezomib has been shown to interfere with the NF-κB signalling pathway in haematological malignancies, such as multiple myeloma and diffuse large B-cell lymphoma (18) (19) (20) (21) . Theoretically, and as described in breast cancer cell line A phase II study of the combination of endocrine treatment and bortezomib in patients with endocrine-resistant metastatic breast cancer In this study the question asked was whether inhibition of the proteasome by bortezomib might lead to regained disease control in patients with either primary endocrine resistance or acquired endocrine resistance being treated with a SERM or an AI. Bortezomib is a small molecule proteasome inhibitor developed as a novel agent to treat human malignancies (23) (24) (25) (26) (27) (28) . Bortezomib is approved by regulatory authorities for the treatment of patients with multiple myeloma and with relapsed mantle cell lymphoma in a treatment schedule of 1.3 mg/m 2 on Days 1, 4, 8 and 11 every 3 weeks. Several studies suggest that the alternative schedule of 1.6 mg/m 2 on Days 1, 8, 15 and 22 every 5 weeks has similar antitumour activity and is better tolerated (29, 30) . By inhibiting a single molecular target, the proteasome, bortezomib affects multiple signalling pathways, including inhibition of the NF-κB pathway. The antineoplastic effect of bortezomib likely involves several distinct mechanisms, including inhibition of cell growth and survival pathways, induction of apoptosis, and inhibition of the expression of genes that control cellular adhesion, migration, and angiogenesis (19, 31) .
Materials and methods
This study was a single arm phase II study. The aim was to investigate whether the addition of bortezomib to either a SERM or an AI would result in documented activity in patients with progressive and measurable disease on the identical endocrine agent. This endpoint was evaluated according to the RECIST 1.0 criteria every 5 weeks. Clinical benefit was prospectively defined by the patients obtaining at least either stable disease, or a partial or a complete response according to the RECIST 1.0 criteria after two cycles, lasting for at least five weeks. The study enrolled postmenopausal patients with ER and/or PR-positive metastatic breast cancer who suffered from radiological and/or clinical (with digital photography for skin metastasis) documented progression of disease according to the RECIST 1.0 criteria. The hypothesis was that clinical benefit should occur in at least 2 patients in the first 14 evaluable patients which equals to a clinical benefit of >14.2%.
The secondary objectives were to define the activity of the proteasome and the effect on the NF-κB pathway in peripheral blood and if possible in tumour tissue. Bortezomib was administered on Days 1, 8, 15 and 22 of a 5-week regimen at a dose of 1.6 mg/m 2 on each treatment day. Patients attended the following study visits: i) screening visit(s) at maximum 21 days prior to the first dose of study drug; ii) on Days 1, 8, 15 and 22 of each treatment cycle; iii) an end-of-treatment visit within 10 days after the administration of the last study drug dose. Patients who participated in the study had measurable disease by RECIST 1.0. Patients needed to be on tamoxifen or an AI for at least 3 months in order to clearly document endocrine resistance and exclude late responses. Bortezomib was kindly provided by the manufacturer. The study was approved by the Institutional Review Board and was registered by Eudract number 2006-004144-23. All patients gave written informed consent to participate in the study.
Translational studies. Whole blood, plasma, serum and if possible tumour biopsies were collected for translational purposes. These were collected at baseline (before administration of bortezomib) and on Day 22 within 4 h after the administration of bortezomib. Plasma and serum samples were stored at -80˚C until batched analysis. Tissue samples were immediately put on RNAlater (Ambion, Lennik, Belgium) and also stored at -80˚C according to the manufacturer's manual.
Enzyme-linked immunosorbent assay. Quantikine ELISA kits for human IL6, IL8 and VEGF-A were used according to the manual of the kit; all measurements were performed in duplicate (R&D Systems, Abingdon, UK) with the Tecan Sunrise absorbance reader and Tecan Colombus Plate washer (Tecan Ltd., Mechelen, Belgium). Standards provided with the kit were used for dilution series for a standard curve (R 2 for all dilution series were >0.99). Concentrations were calculated using the standard curve. Wilcoxon signed-rank tests were performed to compare baseline samples vs. samples of patients during treatment (Day 22).
Proteasome inhibition analysis. The 20S proteasome activity was determined by measuring the rate of proteolytic hydrolysis of a fluorescent-tagged peptide substrate Suc-Leu-Leu-Val-Tyr-AMC * , by the sample and normalizing the activity to the amount of protein present in the tumour tissue lysate. To measure the release of free AMC with time, a spectrofluorometer (SpectraMax M5, VA, USA) was used with the following settings: read interval 5 min, read length 2 h at 37˚C. Protein concentrations were determined using a Pierce BCA protein assay kit (R 2 >0.99) (Pierce, Etten-Leur, The Netherlands). The specific activity of each sample was calculated in pmol AMC/min/mg protein applying the slope of an AMC standard curve as conversion factor. Similarly the activity was determined in peripheral whole blood samples. The measurements of the whole blood samples were performed on a Safire2 instrument (Tecan) with read interval 90 sec and read length 25 min at 37˚C.
Results

Patient characteristics.
Clinical data of the 9 participating patients enrolled in this trial are summarized in Table I . These patients were using an endocrine treatment (8/9 AI and 1/9 tamoxifen) and all were diagnosed with documented progressive disease (10 months, median time to progression) on the prior endocrine treatment when entered in this study. Five of these patients had already received one line of chemotherapy. They all had a good performance status [median Karnofsky index (KI), 90%; range, 70-100%], with the majority (7/9) suffering from visceral disease. All 9 patients seemed to have benefited to some extent of the current endocrine treatment. None of these patients had been treated with fulvestrant. All patients had baseline complete blood counts and bilirubin levels within normal ranges.
Treatment administered. The individual treatment durations are visualized in Fig. 1 . The median duration of treatment was 63 days (range, , and the median number of cycles was 2 (range, 1-4). A total of 60 treatment doses of bortezomib were administered. Four doses were withheld due to toxicity.
Response. After 10 weeks of addition of bortezomib to their endocrine therapy, the tumour status according to the RECIST 1.0 criteria was determined. At that time, 6/9 patients had been withdrawn from the study either due to progressive disease (4/6) or due to adverse events (2/6). There were no objective antitumour responses observed. Two patients (22.2%) had stable disease that lasted for more than 10 weeks. These two patients were considered as patients in whom the experimental addition of bortezomib to their endocrine treatment resulted in clinical benefit. Remarkably, the 2 patients who met the endpoint of the study both had progressive disease of their visceral metastasis and the AI treatments at baseline were in second and third lines of endocrine therapy. The median time to treatment failure was 63 days (range 35-140), either due to toxicity (3/9) or (eventual) progression (6/9) (Fig. 2) .
Toxicity. All adverse events, which were observed during the study period, are reported in Table ΙΙ . There were 3 grade 3 toxicities (diarrhoea) during the study period, which led to treatment discontinuation and study withdrawal in these 3 patients. Other toxicities were predominantly gastrointestinal (anorexia, nausea and abdominal pain). Additionally, there were only few grade 1-2 haematological and neurological adverse events.
Serum/plasma levels of cytokines. We analyzed serum and plasma levels of cytokines as potential surrogate endpoints of bortezomib activity in paired samples in all patients. The results are summarized in Fig. 2 . Enzyme-linked immunosorbent assays revealed that the addition of bortezomib to endocrine treatment resulted in a moderate VEGF-A increase (trend, p=0.066 and p=0.068) of serum and plasma levels. Serum IL6 levels decreased significantly (p= 0.04) on Day 22, while no significant change was observed for plasma IL6, serum IL8 and plasma IL8.
Proteasome activity in PBMC and tumour samples. 20S proteasome inhibition studies revealed a significant (p=0.028) downregulation when measured in peripheral blood mononuclear cells (7/9 paired samples available for analysis).
The baseline values of all patients showed little variation (mean = 0.079; range, 0.067-0.089 in pmol AMC/sec/mg protein). After exclusion of one obvious outlier value, there was a mean inhibition of 66±7.1% (SD) of proteasome activity in PBMCs (Fig. 2) .
Likewise, in two-paired tumour samples, there was a decrease of proteasome activity. Four tumour samples (a supraclavicular lymph node, one skin and two liver metastases) were available at baseline for analysis, of which 2 were paired with on-treatment biopsies (lymph node and liver metastasis). Baseline proteasome activity values were higher in tumour and showed a wider variation among samples with higher values than in PBMCs. The median activity was 4.57 pmol/sec/mg with a range of 1.18-6.87. One patient showed a 39.2% inhibition while another patient showed a 70.4% proteasome inhibition (Fig. 2) . These 2 patients (with respectively 63 and 82 days to treatment failure in Fig. 1 ) failed to reach the clinical benefit threshold.
Discussion
No clinical responses were observed after the addition of bortezomib to endocrine treatment. Nonetheless, the observed clinical benefit rate of stable disease in 2 out of 9 patients was higher than the predefined threshold of 2/14. Although this was a small study, the chance that in these patients the addition of bortezomib was not responsible for the obtained stabilisation of the disease is unlikely. These two patients were receiving second and third line anti-hormonal therapy for progression of visceral metastasis. Therefore, this observation is consistent with the hypothesis that the addition of a proteasome inhibitor to endocrine therapy can stabilise their disease progression. It remains a possibility that the observed disease stabilisation could be the result of single agent bortezomib activity. The results of the proteasome inhibition in peripheral blood mononuclear and in two tumours proved the target inhibition with this regimen in a surrogate tissue and tissue of interest. Two previous phase II studies with single agent bortezomib in metastatic breast cancer have only reported disease stabilisation. Yang et al (32) reported on a phase II study with bortezomib using a biweekly regimen of 1.5 mg/m 2 followed by one week rest every 21 days in 12 patients, all suffering from measurable metastatic breast cancer. One (8.3%) of these 12 patients experienced stable disease for up to 5 cycles of 21 days. Engel et al (33) reported on another 12 patients, using the same regimen but at the standard dose of 1.3 mg/m 2 on Days 1, 4, 8 and 11 every 2 days, in a more heavily pretreated setting. Three Figure 2 . Serum and plasma levels are shown for VEGF, IL6 and IL8 at baseline and on Day 22 (post treatment). Post-treatment samples were taken within 4 h after bortezomib administration. There was a trend of increase of serum and plasma VEGF. There was a significant decrease in serum IL6. For plasma IL6 and serum/plasma IL8, no changes could be demonstrated. The 20S activity assay showed a significant downregulation on Day 22 in PBMCs. Two-paired tumour samples were available and concordantly showed a decrease of 20S activity. The same colour code is used as in Fig. 1 . Table II . Adverse events during the whole study period conforming to the NCI CTCAE3.0. Grade 1  Grade 2  Grade 3   Abdominal pain  2  2  0  Anorexia  1  1  0  Arthralgia  0  3  0  Conjunctivitis  1  2  0  Diarrhoea  1  5  3  Fatigue  3  4 patients (25%) received three 21-day cycles before disease progression was documented. Our study results are in line with these data, and therefore single agent activity cannot be ruled out. The inclusion criterion of having radiological documented disease progression whilst on the same hormonal agent renders credibility to our observation of disease stabilisation in 2 patients with visceral disease. A hypothetical explanation for the observation that there were no partial or complete responses in this study, besides the small sample size, may be attributed to the fact that endocrine therapy is mainly an anti-proliferative treatment rather than a pro-apoptotis causing therapy. It has been shown in human breast cancer samples that the administration of neoadjuvant hormonal therapy reduces the proliferation rate and has an anti-apoptotic effect (34) . This may partly explain why stable disease was more likely to occur than a reduction in tumour volume. On the other hand, in multiple myeloma, single agent bortezomib is able to induce complete and partial responses (26, 27) .
In the present phase II study, we chose the weekly regime of bortezomib (25, 35) . This regimen was considered more feasible as it allowed once weekly outpatient clinic visits. In the phase I study by Papandreou (25) et al dose-limiting toxicity occurred at 2.0 mg/m 2 . At the dose 1.6 mg/m 2 , these investigators also observed diarrhoea of any grade in 12 out of 13 patients. Neuropathy was observed with this weekly regimen, albeit mainly grade 1 and 2 (38%). Use of this alternative weekly schedule in the present study resulted in almost no neurological toxicity but more frequent diarrhoea events than the standard twice-weekly bortezomib regimen. The largest experience with 1.6 mg/m 2 weekly regimen is the phase III study of rituximab with or without bortezomib in relapsed follicular lymphoma. In the rituximab plus bortezomib arm (N=334), diarrhoea of any grade occurred in 52% with grade 3 diarrhoea in 7% (36) . This would have been relevant if they had liver impairment, which was not the case (37) or CYP2C19 cytochrome leading to decreased clearance and therefore higher bortezomib exposure (38) (39) (40) (41) (42) .
After a first interim analysis the decision was made to terminate the study. Two reasons contributed to this decision. First, the endpoint threshold of the study was obtained. At least 2 patients of the first 14 enrolled patients experienced clinical benefit. Second, the toxicity, although manageable, was found to be considerably high since it was the reason for study withdrawal in 3/9 patients. Particularly the occurrence of grade 3 diarrhoea was difficult to manage in this elderly population. Since bortezomib's working mechanism through proteasome inhibition has more effects than merely NF-κB inhibition, forthcoming studies need to clarify whether a more specific target inhibition of NF-κB may be more beneficial. Several other new compounds and even different natural products are known to inhibit the NF-κB pathway (43) . Furthermore, other mechanisms of endocrine resistance have been described.
The translational studies provide data that there was an effective proteasome inhibition in mononuclear cells in all except for one patient. In our study, only two coupled pre-and on-therapy tumour samples were available and also showed similar inhibition. The activation of the proteasome measured in PBMCs showed relatively low variation pre-and post-treatment, while in the tumour samples the variation of activity seemed to be larger with much higher values. Previous studies have also shown large variation and increased proteasome activity in breast cancer samples compared to patient-matched adjacent normal tissue (44) . Another consideration is that samples were derived from different sites (liver, skin and lymph node metastasis), which could also explain the higher variation.
Notably, there was a considerable proteasome inhibition in available bortezomib-treated tumour samples. Prior xenograft models have identified prominent differences in vessel perfusion, permeability, and architecture that ultimately resulted in variations in bortezomib tumour exposure. Comparing and contrasting the differences between a bortezomib-responsive and a bortezomib-resistant model with these techniques allowed the authors to establish a relationship among tumour perfusion, drug exposure, pharmacodynamic response and efficacy, and provided a hypothesis for why some solid tumour models did not respond to bortezomib treatment (45) . We provide data that there was a significant proteasome inhibition and that the lack of an objective antitumour response in these two patients could not be attributed to insufficient target inhibition in the tumour. Few other studies have provided clinical data of similar proteasome inhibition after bortezomib treatment in other solid tumours (25, 46, 47) .
In future studies, biopsies and thus assessment of intratumoural interaction changes between the ER and the NF-κB pathway will be made mandatory. We also analysed several downstream targets of the NF-κB pathway. Indirectly, these data provide evidence that bortezomib interfered with NF-κB pathway in the patients who participated. After the addition of bortezomib, there is a trend for upregulation of VEGF-A, measured by ELISA in serum and plasma. These findings are concordant with earlier pancreatic adenocarcinoma xenograft findings where an upregulation of VEGF-A was also observed (48) . Serum IL6 was significantly downregulated in patients while this was not observed in plasma possibly due to one outlier observation of a patient who had an increase in plasma IL6. No significant changes in IL8 plasma and serum levels could be detected. These IL6/IL8 findings confirm for previous findings (32). Yang et al found a significant upregulation of plasma IL6 after bortezomib treatment while for plasma IL8 there was a no difference (32) .
In conclusion, although the sample size of the study was small, the addition of bortezomib to anti-hormonal therapy with progressive disease resulted in disease stabilisation in 2 out of 9 patients, which equals a clinical benefit rate of 22%. Despite an effective target inhibition, which was suggested by increased toxicity, and by effective proteasome inhibition in peripheral blood mononuclear cells and available tumour tissue samples, no objective antitumour responses were observed. The demonstrated proteasome inhibition in tumour tissue provides evidence that the lack of clinical responses is not attributed to deficient drug exposure.
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